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METHODS AND CIRCUITS FOR MORE ACCURATELY MIRRORING 
CURRENT OVER A WIDE RANGE OF- INPUT CURRENT 

Field of the Invention 

[0001] The present invention relates to current 

mirror circuits. More particularly, the present 
invention relates to methods and circuits for 
adaptively mirroring input current in multiple stages 
to improve the accuracy of the output current over a 
wide range of input current . 

Background of the Invention 

[0002] Current mirrors commonly are used in 

electronic circuits. The input to a current mirror is 
a current and the output ideally is a current of 
identical magnitude or of a magnitude that is a 
predefined ratio of the input current. As used herein, 
an output current that is proportional to an input 
current includes the condition in which the output 
current is designed approximately to be equal to the 
input current and the condition in which the output 
current is designed to be a predefined ratio of the 
input current . 



- 2 - 



[0003] A basic current mirror designed in a 
complimentary metal -oxide semiconductor (CMOS) process 
is shown in FIG. 1. Current mirror 10 comprises a 
supply voltage V C c coupled to diode -connected input 
5 transistor 12 and output transistor 14, wherein the 
gates of transistors 12 and 14 are connected and the 
characteristics (e.g., threshold voltage) of the 
transistors ideally are identical. Responsive to input 
current I IN flowing through input transistor 12, current 
10 mirror 10 generates output current I 0 ut that ideally is 
equal to the magnitude of input current Ii N or a 
predefined ratio of the input current. 

[0004] A common challenge in the design of a current 
mirror is to obtain an output current that is as close 

15 as possible to the input current or to the predefined 
ratio of the input current. Mismatch of threshold 
voltages (V T ) and transconductances ((3) of transistors 
12 and 14 may result in output current I 0 ut that is not 
identical to the input current or to the predefined 

20 ratio of the input current. At low input current 

levels, where the |V GS |-V T overdrive voltage is small, 
the threshold voltage mismatch typically dominates and 
leads to inaccuracies. At higher input currents, when 
the |V G s|-V T overdrive is greater, the threshold 

25 mismatch is less significant and the transconductance 
mismatch (A(3/(5) usually dominates. The 
transconductance of, e.g., an enhancement- type MOSFET 
is /3=mCox*W/L, where \i is the mobility of the electrons 
in the induced channel, C ox is the capacitance per unit 

30 area of the gate-to channel capacitor, L is the length 
of the channel, and W is the width of the channel. 
[0005] To reduce the threshold voltage mismatch and 

thereby improve the accuracy of the current mirror, 
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degeneration resistors Rl and R2 may be coupled between 
supply voltage V C c and the sources of transistors 12 and 
14 (respectively), as illustrated in FIG. 2. If the 
mismatch between resistors is less than the mismatch 
5 between the transistors and a voltage comparable to the 
nominal threshold voltage of transistors 12,14 appears 
across them, the overall accuracy of the mirror is 
improved. Alternatively, in a CMOS process, the 
matching between the transistors can be improved by 

10 increasing their lengths (L) . This increases the | V GS | - 
V T overdrive and reduces the effects of threshold 
voltage mismatch. As used herein, the term "nominal 
threshold voltage" refers to the ideal threshold 
voltage for which a given transistor is designed. 

15 While two transistors may be designed to have the same 
nominal threshold voltage, manufacturing limitations 
may cause mismatch of the threshold voltages, thereby 
potentially causing the current mirror to generate an 
output current that inaccurately mirrors the input 

2 0 current. 

[0006] While adding resistive degeneration or 
increasing the lengths of CMOS devices improves current 
mirror accuracy, both methods reduce the current 
mirror's dynamic range. If a resistor value or 

2 5 transistor length is chosen to improve the accuracy for 
low input current magnitudes, a larger input current 
magnitude results in a larger voltage drop across the 
resistor or transistor. When this voltage drop becomes 
comparable to total supply voltage V cc , the current 

30 mirror ceases to be useful. Ultimately, this limits 

the range of currents that can be mirrored accurately. 
[0007] In view of the foregoing, it would be 

desirable to be able to provide methods and circuits 
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for mirroring input current that improves the accuracy 
of the output current over a wide range of input 
current . 

[0008] It further would be desirable to be able to 

5 provide methods and circuits for mirroring a wide range 
of input current, wherein the current mirror circuit 
automatically (1) detects an increasing magnitude of 
input current and (2) adapts the current mirror to 
accommodate the increasing magnitude. 

10 

Summary of the Invention 

[0009] In view of the foregoing, it is an object of 

the present invention to provide methods and circuits 
for mirroring input current that improves the accuracy 
15 of the output current over a wide range of input 
current . 

[0010] It further is an object of the present 

invention to provide methods and circuits for mirroring 
a wide range of input current, wherein the current 

20 mirror circuit automatically (1) detects an increasing 
magnitude of input current and (2) adapts the current 
mirror to accommodate the increasing magnitude. 
[0011] These and other objects of the present 

invention are accomplished by a current mirror circuit 

25 that incorporates at least first and second individual 
current mirrors, wherein the first current mirror has a 
first current range and the second current mirror has a 
second current range. In one embodiment, the second 
current range spans magnitudes of current that are 

30 greater than those of the first current range. When 
the magnitude of the input current falls within the 
first current range, only the first current mirror is 
activated to mirror the input current. An initiation 



- 5 - 



circuit automatically detects when the magnitude of the 
input current equals or exceeds a maximum current 
level, and automatically activates the second current 
mirror in response. The input current then is 
5 distributed between the two current mirrors. The 
mirrored output currents of each individual current 
mirror are added together to form the output current of 
the current mirror circuit of the present invention. 
[0012] Additional current mirrors may be coupled to 

10 the first and second current mirrors to accommodate 
input current levels that exceed the capacity of the 
first and second current ranges. 

[0013] The current mirror circuit of the present 
invention may be used in various applications, 
15 including, but not limited to, a tracking/sequencing 

circuit for ramping the output of a slave power supply 
in a defined relationship to a master signal, e.g., a 
signal generated by a master power supply. 

2 0 Brief Description of the Drawings 

[0014] Further features of the present invention, 

its nature and various advantages will be more apparent 
from the accompanying drawings and the following 
detailed description, in which: 
25 [0015] FIG. 1 is a schematic of an illustrative 

basic current mirror; 

[0016] FIG. 2 is a schematic of an illustrative 

basic current mirror designed to mirror input current 
within a predetermined current range using degeneration 
30 resistors; 

[0017] FIG. 3A is a schematic of a first embodiment 

of the current mirror circuit of the present invention; 
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[0018] FIG. 3B shows a resistor that may be 

incorporated into the current mirror circuit of FIG. 
3A; 

[0019] FIG. 4 is a schematic of a second embodiment 

5 of the current mirror circuit of the present invention; 

[0020] FIGS. 5 are graphs of illustrative results of 

a tracking and sequencing application in which the 
current mirror circuit of the present invention may be 
incorporated; 

10 [0021] FIG. 6 is a block diagram of the tracking and 

sequencing application in which the current mirror 
circuit of the present invention may be incorporated; 
[0022] FIG. 7 is a schematic of a third embodiment 

of the current mirror circuit of the present invention; 

15 and 

[0023] FIG. 8 is a schematic of a fourth embodiment 

of the current mirror circuit of the present invention. 

Detailed Description of the Invention 

20 [0024] Referring to FIG. 3A, an illustrative current 

mirror circuit of the present invention is described. 
Current mirror circuit 2 0 comprises two basic current 
mirrors 22 and 24, each similar to that described with 
respect to FIG. 1. 

25 [0025] Current mirror 22 uses two PMOS transistors - 

diode-connected input transistor PI and output 
transistor P2 - having the same nominal threshold 
voltage V Ti . The gates of input and output transistors 
PI and P2 are tied together and the sources of the 

3 0 transistor are coupled to supply voltage V C c- Because 
the V SG voltages of transistors PI and P2 are the same 
and both transistors are driven by a common supply 
voltage Vcc, the output current at the drain of 
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transistor P2 is proportional to the input current at 
the drain of transistor PI, ignoring transistor 
mismatch described above. If the width to length 
ratios (W/L) of transistors PI and P2 are the same, 
5 then the output current at the drain of transistor P2 
approximately is equal to the input current at the 
drain of transistor PI, ignoring transistor mismatch. 
If the width to length ratio of output transistor P2 is 
greater than that of input transistor PI, the output 

10 current of current mirror 22 also will be 

proportionally greater than its input current. In the 
following discussion, unless it is otherwise stated, it 
is assumed that transistors comprising a current mirror 
pair, such as transistors PI and P2 , have the same W/L. 

15 ratio and thus the current mirror formed by the 

transistors, such as current mirror 22, generates an 
output current that approximately is equal to its input 
current. However, the W/L ratios of the transistors of 
any of the current mirror pairs discussed herein, such 

20 as transistors PI and P2 , can be different from each 
other without departing from the scope of the 
invention. As used herein and stated above, an output 
current that is proportional to an input current 
includes the 1:1 relationship in which the output 

2 5 current is designed approximately to be equal to the 

input current . 

[0026] Similarly, current mirror 24 uses two PMOS 
transistors - diode-connected input transistor P3 and 
output transistor P4 - having the same nominal 

3 0 threshold voltage V T2 . Threshold voltage V T2 may be the 

same voltage as or a different voltage than threshold 
voltage V T1 of current mirror 22. The gates of input 
and output transistors P3 and P4 are tied together and 
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the sources of the transistors are coupled to supply- 
voltage V cc . Because the V S g voltages of transistors P3 
and P4 are the same and both transistors are driven by 
a common supply voltage V CC / the output current at the 
5 drain of transistor P4 is a predefined ratio of the 
input current at the drain of transistor P3 based on 
the width to length ratios of the two transistors, 
ignoring transistor mismatch described above and 
assuming infinite output impedance. In the following 

10 discussion, it is assumed that transistors P3 and P4 
have the same W/L ratio and thus current mirror 24 
generates an output current that approximately is equal 
to its input current. However, the W/L ratios of 
transistors P3 and P4 can be different without 

15 departing from the scope of the invention. 

[0027] The current range typically is determined by 

the amount of headroom available to drive the current 
mirror and the requirement that the output transistor 
remain in saturation for proper operation. The 

20 headroom limits the maximum |V GS |-V T overdrive that can 
be applied to the input transistor of the current 
mirror. In the embodiment of FIG. 3A, current mirror 
22 of mirroring Stage 1 is designed to mirror input 
currents with magnitudes (e.g., 1-10/iA) that are lower 

25 than the magnitudes for which current mirror 24 of 

mirroring Stage 2 is designed (e.g., 10-100/zA) . This 
can be accomplished by increasing length L (or 
decreasing the width to length ratio) of transistors PI 
and P2 with respect to that of P3 and P4 , consequently 

3 0 decreasing the overdrive voltage of current mirror 22 
with respect to that of current mirror 24. 
Alternatively, if degeneration resistors are used to 
improve the accuracy of the current mirror in a manner 
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similar to that described with respect to FIG. 2, 
current mirror 22 may be designed to mirror smaller 
input currents than current mirror 24 by using 
degeneration resistors having greater resistance than 
5 any degeneration resistors coupled to current mirror 

24 . Either or both techniques may be used together in 
an individual stage or other techniques also may be 
used. 

[0028] Current mirror circuit 20 also comprises 

10 integral high-gain op amp 26 having a feedback loop 

that servos its inverting input 28 at reference voltage 
Vi, the voltage at the non-inverting input of op amp 26. 
Current mirror circuit 2 0 operates to provide as much 
input current I IN as needed to maintain node 2 8 at 
15 voltage Vi. If input circuit 3 0 forces the voltage at 

node 28 to be greater than Vi, current mirror circuit 20 
shuts down since transistors Nl and N2 cannot sink 
current which is necessary to pull node 28 down to 
voltage V x . The output of op amp 2 6 is connected to the 

2 0 gate of NMOS transistor Nl, which has a source 

connected to node 28 and a drain connected to the drain 
of transistor PI of current mirror 22. The output of 
op amp 26 also is connected to the gate of NMOS 
transistor N2 , which may, but not necessarily, have a 
25 width to length ratio (W/L) less than that of 

transistor Nl but large enough to support the expected 
input current I IN . Alternatively, the W/L ratio of 
transistor N2 may be equal to or larger than that of 
transistor Nl . Transistor N2 also has a source 

3 0 connected to node 2 8 and a drain connected to the drain 

of transistor P3 of current mirror 24. In the 
embodiment of FIG. 3A, the threshold voltage of 
transistor N2 is set to be greater than that of 
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transistor Nl and equal to the V GS voltage of transistor 
Nl when input current I IN equals the maximum range 
magnitude for which current mirror 22 is designed. 
Although the following discussion assumes that Stage 2 
5 activates when input current Ii N equals the maximum 

range magnitude for which Stage 1 is designed, as with 
any of the current mirror circuits described herein, 
Stage 2 may be activated when input current Ii N equals 
or exceeds a maximum current level that is less than or 

10 greater than the maximum range magnitude for which 

Stage 1 is designed. When op amp 2 6 provides an output 
signal, that signal is compensated by compensation 
circuit 32, which may include, but is not limited to, a 
resistor and capacitor connected in series to ground. 

15 [0029] In operation, op amp 26 servos node 28 at 

reference voltage Vi and outputs a voltage signal to the 
gates of transistors Nl and N2 . When input current I IN 
is less than the maximum range magnitude for which 
current mirror 22 is designed, the voltage signal 

2 0 output by op amp 2 6 is less than the threshold voltage 

of transistor N2 . Accordingly, Stage 2 of current 
mirror circuit 20 is off and all input current I IN is 
mirrored by Stage 1 current mirror 22 . 

[0030] Transistor Nl buffers input current I IN from 

25 its source, node 28, to its drain, establishing a 

voltage drop from its drain to its source. Since the 
drain of transistor Nl is connected to transistor PI, 
the current through transistor Nl, and thus transistor 
PI, establishes a voltage at the gates of transistors 

3 0 PI and P2 that turns on transistors PI and P2 to 

conduct current therethrough. Transistor P2 mirrors 
the current flowing through transistor PI, and outputs 
that current through output node 34 . 
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[0031] With increasing input current Ii N , the 
magnitude of the V SG voltage of transistor PI increases. 
Since the voltage at the source of transistor PI is 
fixed at supply voltage V C c/ this drives the voltage at 
5 the gate of transistor PI down towards the voltage at 
the source of transistor Nl . As Ii N increases, the V GS 
voltage of Nl increases. Since op amp 26 has a high 
gain, the op amp is able to continue servoing node 2 8 
at reference voltage V x so long as input circuit 3 0 does 
10 not force the voltage at node 2 8 to be greater than 
reference voltage Vi . 

[0032] As input current Ii N increases further, 
causing an equal increase in the current conducted 
through transistors PI and Nl, transistor PI may drive 

15 transistor Nl from the saturation region of operation 
into the linear region, where the V GS voltage of 
transistor Nl increases at a faster rate for a given 
increase in input current Ii N than when the transistor 
is operated in saturation. Alternatively, if current 

20 mirror 20 is designed so that transistor PI does not 
drive transistor Nl from the saturation region of 
operation into the linear region, the V G s voltage of 
transistor Nl also increases responsive to increasing 
input current Ii N . 

25 [0033] Current mirror circuit 20 automatically 

detects when input current I IN equals or exceeds the 
maximum range magnitude for which current mirror 22 is 
designed and turns on Stage 2 responsive thereto. When 
the V G s voltage of transistor Nl equals or exceeds the 

30 threshold voltage of transistor N2 , transistor N2 turns 
on and supplies a portion of input current Ii N . The 
amount of input current supplied by Stage 2 (or current 
mirror 24) is the difference between the total input 
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current to be supplied at node 2 8 and the maximum range 
magnitude for which Stage 1 is designed to mirror. 
Transistor P4 mirrors the portion of input current Ii N 
supplied by Stage 2, and thus flowing through 
5 transistors P3 and N2 , and outputs that current through 
output node 34 where it adds to the fraction of output 
current I 0 ut sourced from current mirror 22 of Stage 2. 
[0034] When the portion of input current Ii N supplied 
by Stage 2 is small, the output current of Stage 2 may 

10 be inaccurate since current mirror 24 is designed for 
larger current magnitudes. However, current mirror 22 
of Stage 1 continues to produce an accurate output 
current. Accordingly, when the current produced by 
both Stages 1 and 2 are added together to form output 

15 current I 0 ut of current mirror circuit 20, output 

current I 0 ut is more accurate than the output current 
that would have been produced had input current Ii N been 
mirrored only by current mirror 24 . As input current 
Iin increases further, more current is mirrored by 

20 current mirror 24. Since current mirror 24 is designed 
for larger currents, its accuracy will improve as its 
output current becomes a larger fraction of the total 
output ' current I 0 ut - 

[0035] Current mirror circuit 20 automatically 

2 5 detects when input current I IN decreases to a magnitude 
less than that of the maximum range magnitude for which 
current mirror 22 is designed and automatically turns 
off Stage 2 responsive thereto. When the V GS voltage of 
transistor Nl decreases to a value less than that of 
30 the threshold voltage of N2 , Stage 2 and current mirror 
24 shuts off. 

[0036] To adjust the amount of input current Ii N 
needed to turn Stage 2 on, the threshold voltage of 
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transistor N2 may be adjusted. If the threshold 
voltage of transistor N2 is reduced to a value that 
remains larger than the threshold voltage of transistor 
Nl, Stage 2 will turn on before input current Ii N rises 
5 to the maximum range magnitude for which current mirror 
22 is designed. In contrast, if the threshold voltage 
of transistor N2 is increased, Stage 2 will turn on 
after input current Ii N rises to the maximum range 
magnitude for which current mirror 22 is designed. 

10 [0037] The amount of input current needed to turn 

Stage 2 on also may be adjusted by adjusting the width 
to length ratio (W/L) of transistor Nl . For example, 
for smaller width to length ratios, the V G s voltage of 
transistor Nl increases at a faster rate to support a 

15 given increase in input current Ii N than a transistor 
with a larger width to length ratio. Since the V G s 
voltage of transistor Nl increases at a faster rate and 
thereby reaches the threshold voltage of transistor N2 
faster, transistor N2 turns on faster. The result is 

2 0 that less input current Ii N is mirrored by Stage 1 of 

current mirror circuit 2 0 for a given input current Ii N 
before Stage 2 turns on. 

[0038] The amount of input current needed to turn 

Stage 2 on also may be reduced by incorporating 
25 resistor Rl between the drains of transistors PI and 

Nl, as shown in FIG. 3B. Typically, supply voltage V cc 
is set by the application in which current mirror 
circuit 20 is used. The larger the supply voltage V C c, 
the more input current that is needed to reduce the 

3 0 voltage at the drain of transistor PI and thereby drive 

the voltage at the drain of transistor Nl closer to its 
source voltage as described above. By inclusion of 
resistor Rl , an additional voltage drop is established 
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across the resistor to drive the drain voltage of 
transistor Nl lower than the drain voltage of 
transistor PI. Accordingly, for a given input current, 
the V GS voltage of transistor Nl is higher with the 
5 inclusion of resistor Rl than it is without. 

[0039] Referring now to FIG. 4, an alternative 

embodiment of current mirror circuit 20 of FIGS. 3A-B 
is described. Current mirror circuit 4 0 of the present 
invention replaces basic current mirrors 22 and 24 with 

10 cascode current mirrors 42 and 44 (respectively) . In 

addition to PMOS transistors PI and P2 , cascode current 
mirror 42 further comprises cascode PMOS transistors P5 
and P6, wherein the sources of transistors P5 and P6 
are connected to the drains of transistors PI and P2 , 

15 the drain of transistor P5 is connected to resistor Rl 
and the gates of transistors PI and P2 , and the drain 
of transistor P6 is connected to output node 34 . 
Likewise , cascode current mirror 44 also comprises 
additional cascode PMOS transistors P7 and P8, wherein 

2 0 the sources of transistors P7 and P8 are connected to 

the drains of transistors P3 and P4 , the drain of 
transistor P7 is connected to the drain of transistor 
N2 and the gates of transistors P3 and P4 , and the 
drain of transistor P8 is connected to output node 34 . 
25 [0040] Inclusion of the cascode transistors reduces 

errors at high supply voltages. Without the cascodes, 
the drain of transistor PI is biased a V G s voltage below 
supply voltage V cc while the drain of transistor P2 is 
biased at a fixed voltage above ground. The cascodes 

3 0 eliminate this voltage difference at the drains of 

transistors PI and P2 and the consequent mismatch in 
the current mirror due to the finite output impedance 
of transistors PI and P2 . Resistor Rl limits the 
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current in Stage 1 so that the voltage at the gates of 
transistors PI and P2 does not decrease to a level that 
allows transistors P5 and P6 to drive them into the 
1 inear region . 
5 [0041] The gates of transistors P5 and P6 and 
transistors P7 and P8 respectively are biased by- 
voltages Vbiasi and V B ias2/ which are designed to establish 
a constant voltage drop across output mirror 
transistors P2 and P4 (respectively) . These bias 

10 voltages respectively isolate transistors P2 and P4 

from load- induced voltage changes at output node 34 so 
that the ratio of output current I 0 ut to input current 
I IN relatively is constant. The bias voltages are 
chosen to bias the cascode transistors so that 

15 transistors P1-P4 remain in saturation. For example, 
bias voltage V B iasi maiy be designed to prevent the 
voltage at the drain of transistors PI and P2 from 
increasing beyond the voltage at the gate of 
transistors PI and P2 by more than the nominal 

20 threshold voltages of transistors PI and P2 . Likewise, 
bias voltage V B ias2 may be designed to prevent the 
voltage at the drain of transistors P3 and P4 from 
increasing beyond the voltage at the gate of 
transistors P3 and P4 by more than the nominal 

25 threshold voltages of transistors P3 and P4 . 

Alternative configurations of cascode current mirrors 
may be used, in addition to other types of current 
mirrors, e.g., Wilson configuration mirrors and 
modified Wilson configuration mirrors. 

3 0 [0042] Numerous applications have requirements 

concerning the relative behavior between multiple power 
supplies. The applications may require that the 
supplies ramp up and ramp down together in defined 
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relationships, e.g., coincident tracking at a specific 
common rate (see FIG. 5A) , with fixed voltage offsets 
(see FIG. 5B) , ratiometrically (see FIG. 5C) , or in a 
particular sequence (see FIG. 5D) . FIG. 6 illustrates 
5 that either current mirror circuit 20 or 40 of FIGS. 3 
and 4 (respectively) may be incorporated in a tracking 
and sequencing circuit for ramping a slave power supply 
in such defined relationships to a master signal. 
Tracking/sequencing circuit 50 controls ramp up and 

10 ramp down of slave supply 52 responsive to master 
signal Vma ST er, which may be generated, e.g., from a 
master power supply (not shown) and used to power an 
electronic device. Slave supply 52 may be any power 
supply that may be modeled as amplifier 54 with a 

15 reference voltage V 2 and a feedback network having two 
feedback resistors 56 and 58 connected to feedback node 
60 of amplifier 54. Tracking/sequencing circuit 50 
generates a current responsive to master signal Vaster 
and injects that current into feedback node 6 0 of slave 

2 0 supply 52 to control the output voltage V SLA ve of the 
slave supply. 

[0043] Tracking/ sequencing circuit 50 comprises 

voltage divider 62, having resistors 63 and 65, that 
divides master signal Vaster and establishes divided 

25 master signal V DIV at node 64. Node 64 is interposed 
between resistors 63 and 65 and is connected to input 
node 28 of current mirror circuit 20,40 of the present 
invention. Output node 34 of current mirror circuit 
20,40 is connected to feedback node 60 of slave supply 

30 52. For given values of feedback resistors 56 and 58 
of slave supply 52, the values of resistors 63 and 65 
establish the ramping relationship between output 
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voltage V SLA ve of power supply 52 and master signal 
Vmaster • 

[0044] As discussed hereinabove with respect to FIG, 
3A, current mirror circuit 20,40 incorporates high gain 
5 op amp 2 6 that servos node 28, and thus node 64 of 

voltage divider 62 tied thereto, at reference voltage 
Vi . If divided master signal V DIV is less than reference 
voltage Vi, current mirror circuit 2 0,40 sources as much 
input current Ii N as necessary to raise the voltage at 

10 node 28,64 to reference voltage V x . 

[0045] The following detailed discussion of tracking 

/sequencing circuit 50 focuses on control of slave 
supply 52 to coincidentally track master signal Vmaster. 
The remaining defined relationships illustrated in 

15 FIGS. 5B-D is discussed in greater detail in co-pending 

U.S. Patent Application Serial No. to 

Eddleman, filed on January 20, 2 004, entitled "METHODS 
AND CIRCUITS FOR TRACKING AND SEQUENCING MULTIPLE POWER 
SUPPLIES", which hereby is incorporated in its 

20 entirety. For illustrative purposes only, it is 

assumed that reference voltage V 1 is selected to be 
equal to reference voltage V 2 and that current mirror 
circuit 20,40 is designed so that the input 
current/output current ratio (Iin/Iout) is 1:1. However, 

25 without departing from the scope of the invention, 

reference voltage Vi may be selected to be a voltage 
different than reference voltage V 2 , and, as discussed 
hereinabove, current ratio Iin/Iout of any of the current 
mirrors discussed herein at various parts may be 

3 0 designed to be other than 1:1. 

[0046] To ramp up and ramp down output voltage V SLAV e 
of slave supply 52 coincident with master signal Vmaster. 
as shown in Figure 5A, resistors 63 and 65 are selected 
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to be equal in resistance to feedback resistors 56 and 
58 (respectively) if reference voltages Vi and V 2 are 
equal. When master signal Vaster is at OV, and thus the 
voltages at node 28,64 also would have been equal to OV 
5 absent op amp 26, current mirror circuit 20,40 provides 
maximum input current I in, max through node 28,64 to raise 
the voltage at node 2 8,64 to reference voltage Vx . As 
discussed with respect to FIG. 3A, when current mirror 
circuit 2 0,40 needs to mirror input current Ii N having a 

10 magnitude equal to or greater than the maximum range 

magnitude for which Stage 1 is designed, current mirror 
circuit 20,40 automatically detects this condition and 
turns on both Stage 1 and Stage 2. In the discussion 
herein, it is assumed that current mirror circuit 20,40 

15 is designed so that Stage 1 and Stage 2 are turned on 
when input current I IN is at a maximum. However, 
current mirror circuit 2 0,40 may be designed so that 
only Stage 1 is active when input current Ii N is at a 
maximum. Wide range current mirror circuit 20,40 

20 allows circuit 50 to accommodate widely varying 

feedback resistors 56 and 58 in various applications. 
[0047] Activating both Stage 1 and Stage 2, current 
mirror 20,40 mirrors maximum input current Iin,max and 
generates maximum output current Iout,max that is equal in 

25 magnitude to maximum current Iin,max at output node 34 
and feedback node 60 of slave supply 52. Since the 
voltage at which amplifier 54 servos feedback node 60, 
and thus output node 34 connected thereto, is equal to 
reference voltage Vi, the input current to output 

30 current ratio of current mirror circuit 20,40 is 1:1 
and resistances of feedback resistors 56 and 58 are 
equal to resistors 63 and 65 (respectively) , output 
current Iqut sourced by current mirror circuit 2 0,40 is 
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distributed through resistors 58 and 56 so that the 
current flowing across resistor 56 is equal to the 
current flowing across resistor 63 and the current 
flowing across resistor 58 is equal to the current 
5 flowing across resistor 65. This forces output voltage 
Vslave of slave supply 54 to be equivalent to master 
s igna 1 Vaster • 

[0048] As master signal Vaster increases, current 

mirror circuit 20,40 is required to provide less input 

10 current Ii N to servo node 28,64 at reference voltage Vi . 
An equivalent decrease in output current I 0 ut is 
generated by current mirror circuit 20,40. When the 
amount of input current I IN needed to servo node 28,64 
at reference voltage Vi decreases to a level less than 

15 the maximum range magnitude for which Stage 1 is 

designed, current mirror circuit 20,40 automatically 
detects this condition and turns Stage 2 off by turning 
transistor N2 off. 

[0049] When master signal Vaster rises to a level 

20 that, when divided by voltage divider 62, forces the 
voltage at node 28,64 at reference voltage V x (see, 
e.g., point A on FIG. 5A) , current mirror circuit 20,40 
does not need to provide any input current Ii N . 
Accordingly, no output current I 0 ut is generated by 

2 5 current mirror source 2 0,40 and injected into feedback 

node 60 of slave supply 52 . Current mirror circuit 
20,40 presents a high impedance at feedback node 60 of 
the slave supply 52, permitting the slave supply to 
regulate output voltage V SLA ve without being affected by 

3 0 current mirror circuit 2 0,40 and master signal Vaster. 

[0050] As master supply Vaster continues to increase 

beyond the voltage at point A in FIG. 5A, input current 
I in and output current Iqut remain at zero and slave 
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supply 52 continues to regulate its output voltage V 0U t 
independently of master signal Vaster . During ramp down 
of master signal Vaster, tracking/sequencing circuit 50 
resumes control of output voltage V SLAV e of slave supply 
5 52 responsive to master signal Vaster once master signal 
Vmaster has reduced to a value that, when divided by 
voltage divider 62, would cause the voltage at node 64 
to be below reference voltage Vi if node 64 were not 
connected to node 2 8 (see, e.g., point B on FIG. 5A) . 

10 [0051] Referring now to FIG. 7, a third embodiment 

of the current mirror circuit of the present invention 
is described, in which an alternative initiation 
circuit is employed automatically to (1) detect when a 
current mirror designed for small currents has reached 

15 capacity and (2) activate a second current mirror 
designed for larger currents responsive to that 
detection. Current mirror circuit 70 comprises three 
stages of current mirrors - each successive stage 
designed to mirror successively larger input currents. 

20 [0052] Stage 1 comprises first current mirror 72 

having PMOS transistors PI and P2 connected together so 
that their sources are tied to common supply voltage V cc 
and their gates are tied together. Transistors PI and 
P2 are designed to have the same nominal threshold 

2 5 voltage and the same width to length (W/L) ratio. 

Stage 2 includes second current mirror 74 designed to 
mirror larger magnitudes of input currents than current 
mirror 72 of Stage 1. Current mirror 74 also comprises 
two PMOS transistors P3 and P4 disposed with their 

3 0 sources connected to common supply voltage V cc and their 

gates tied together. Transistors P3 and P4 are 
designed to have the same nominal threshold voltage and 
the same width to length ratio. Stage 3 incorporates 
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third current mirror 7 6 designed to mirror magnitudes 
of input currents larger than the current magnitudes 
for which Stage 1 and Stage 2 are designed. Current 
mirror 76 of Stage 3 incorporates two PMOS transistors 
5 P5 and P6 disposed with their sources connected to 

common supply voltage V C c and their gates tied together. 
Transistors P5 and P6 are designed to have the same 
nominal threshold voltage and the same width to length 
ratio . 

10 [0053] Current mirror circuit 70 further comprises a 

plurality of NMOS transistors coupled to Stages 1-3 to 
automatically detect when each Stage has reached 
capacity and activate the next successive Stage 
responsive thereto. Current source 78 delivers 

15 comparison current I B to transistor N3 , which is diode- 
connected. Since the gate of transistor N3 is tied to 
the gates of transistors N4-N6 and the sources of 
transistors N3-N6 are all tied to common ground, 
transistors N4-N6 mirrors comparison current I B at each 

20 of their drains assuming that the width to length 

ratios of transistors N3-N6 are equal and the nominal 
threshold voltages of transistors N3-N6 are equal. 
Transistors N3-N6 may be designed to mirror currents 
having magnitudes commensurate with comparison current 

25 I B . 

[0054] In operation, input circuit 30 that is 

coupled to input node 80 establishes a voltage at input 
node 8 0 that is less than supply voltage V cc when input 
current I IN is zero. This sets up a positive V SG voltage 
30 across transistor P7, which has its gate connected to 
node 80 and its source connected to the gates of 
transistors PI and P2 and to supply voltage V C c via 
resistor Rl . Thereafter, transistor P7 turns on and 
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conducts current through resistor Rl and transistor P7 . 
Current flowing through resistor Rl establishes a 
voltage drop from the source of transistor PI to its 
gate, permitting transistor PI to source input current 
5 Ii N to input node 80 and input circuit 30. Input 

current Ii N flowing through transistor PI is mirrored by 
transistor P2 , generating output current Iout at output 
node 82. 

[0055] As current is flowing through resistor Rl and 

10 transistor P7, transistor N4 attempts to mirror and 
sink current having a magnitude equal to comparison 
current I B at node 84 interposed between the drains of 
transistors P7 and N4 . When the magnitude of the 
current conducted through resistor Rl and transistor P7 

15 (i.e., a current having a magnitude of V SG(P i)/Rl) is 

less than that of comparison current I B , transistor N4 
cannot sink the full comparison current I B and only 
sinks the amount of current conducted through resistor 
Rl and transistor P7 . Consequently > this biases the 

2 0 voltage at the drain of N4 (and thus the gate of 

transistor Nl to which the drain of transistor N4 is 
connected) lower than the threshold voltage of 
transistor Nl, assuming that the threshold voltage of 
transistor. Nl equals the voltage at the drains of 

2 5 transistors P7 and N4 when the current flowing through 
transistor P7 is equal in magnitude to comparison 
current I B . 

[0056] With increasing input current Ii N demanded by 
input circuit 30, the V S g voltage of transistor P7 
30 increases, causing more current to be conducted through 
resistor Rl and transistor P7 . This in turn increases 
the V SG voltage of transistor PI, which permits the 
greater input current I iN to be conducted through 
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transistor PI and thereby mirrored by transistor P2 . 
As current conducted through resistor Rl and transistor 
P7 increases, transistor N4 also is able to sink more 
current, thus driving the voltage at the drain of 
5 transistor N4 higher. 

[0057] When the current conducted through resistor 

Rl and transistor P7 exceeds comparison current I B , the 
voltage at the drain of transistor N4 increases to a 
large enough value that it exceeds the threshold 

10 voltage of transistor Nl , turning on transistor Nl to 
conduct current therethrough. The amount of input 
current Ii N directed to Stage 2 equals the difference 
between the total input current I IN and the current 
level flowing through transistor PI when the current 

15 flowing through resistor Rl exceeded comparison current 
I B . In a preferred embodiment, the current level 
flowing through transistor PI when the current flowing 
through resistor Rl exceeds comparison current I B is 
designed to be equal to the maximum range magnitude for 

20 which Stage 1 and current mirror 72 is designed. 
Alternatively, the current level flowing through 
transistor PI when the current flowing through resistor 
Rl exceeded comparison current I B may be designed to be 
greater or less than the maximum range magnitude for 

25 which Stage 1 and current mirror 72 is designed. 

[0058] When transistor Nl is turned on, current is 

capable of being conducted through resistor R2 . 
Current conducted through transistor R2 establishes a 
voltage drop from the source of transistor P3 to its 

30 gate, which is connected to the drain of transistor Nl 
and to supply voltage V cc via resistor R2 . This permits 
transistor P3 to conduct the portion of input current 
I IN directed to Stage 2 therethrough. Transistor P4 
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mirrors the current conducted through transistor P3 and 
generates an output current that is added to the output 
current generated by Stage 1 at output node 86,82 to 
form total output current Iout- 
5 [0059] As current is flowing through resistor R2 and 
transistor Nl, transistor N5 attempts to mirror and 
sink current having a magnitude equal to comparison 
current I B at node 88 interposed between the source of 
transistor Nl and the drain of transistor N5 . When the 

10 magnitude of the current conducted through resistor R2 
and transistor Nl (i.e., a current having a magnitude 
of V SG (P3)/R2) is less than that of comparison current I B , 
transistor N5 cannot sink the full comparison current I B 
and only sinks the amount of current conducted through 

15 resistor R2 and transistor Nl . Consequently, this 
biases the voltage at the drain of N5 (and thus the 
gate of transistor N2 to which the drains of 
transistors Nl and N5 are connected) lower than the 
threshold voltage of transistor N2 , assuming that the 

2 0 threshold voltage of transistor N2 equals the voltage" 
at the drain of transistors Nl and N5 when the current 
flowing through transistor Nl is equal in magnitude to 
comparison current I B . 

[0060] As input current Ii N increases, more current 
25 is conducted through resistor R2 and transistor Nl 

until that current exceeds comparison current I B/ at 
which point the drain of transistor N5 has risen to a 
level that exceeds the threshold voltage of transistor 
N2 . This turns on transistor N2 to conduct current. 
30 Once transistor N2 is turned on, current is conducted 
through resistor R3 , establishing a voltage drop from 
the source of transistor P5 to its gate. A portion of 
input current Ii N is supplied by Stage 3 equal to the 
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difference between the total input current Ii N and the 
aggregate amount of current supplied by Stages 1 and 2. 
In a preferred embodiment, the current level flowing 
through transistor P3 when the current flowing through 
5 resistor R2 exceeds comparison current I B is designed to 
be equal to the maximum range magnitude for which Stage 
2 and current mirror 74 is designed. Alternatively, 
the current level flowing through transistor P3 when 
the current flowing through resistor R2 exceeds 

10 comparison current I B may be designed to be greater or 
less than the maximum range magnitude for which Stage 2 
and current mirror 74 is designed. 
[0061] Current conducted by transistor P5 is 

mirrored by transistor P6 . All output currents 

15 mirrored by Stages 1-3 are added together at output 
node 82,86 to produce total output current I 0 ut 
corresponding to total input current Ii N . 
[0062] To adjust the respective current levels 

flowing through transistors P1,P3 when respective 

20 Stages 2 and 3 are turned on or off, the respective 
resistances of resistors Rl and R2 may be adjusted. 
Alternatively, the resistances of resistors Rl and R2 
may be selected to be equal and the width to length 
ratio (W/L) of the transistors in each current mirror 

25 72,74 may be adjusted instead. 

[0063] To use current mirror circuit 70 in the 

tracking and sequencing application above, high gain op 
amp 26 and transistor Nl from FIGS. 3 may be coupled to 
current mirror circuit 70 such that high gain op amp 26 

30 and transistor Nl from FIGS. 3 are interposed between 
the drain of transistor PI and input node 80. More 
specifically, the drain of transistor Nl from FIGS. 3 
may be connected to the drain of transistor PI and the 
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source of transistor Nl from FIGS. 3 may be connected 
to node 80. The output of the op amp is connected to 
the gate of transistor Nl from FIGS. 3 and the 
inverting input of the op amp is connected to node 8 0 
5 via a feedback network similar to that illustrated 
hereinabove . 

[0064] In an alternative embodiment of current 

mirror circuit 70, transistor N6 may be eliminated and 
the source of transistor N2 may be tied directly to 

10 common ground. Moreover, any of the individual current 
mirrors discussed herein, e.g., current mirrors 72, 74 
or 76 or the current mirrors formed by transistors N3- 
N6, may be substituted with current mirrors having 
cascode, Wilson or modified Wilson configurations. 

15 [0065] Referring now to FIG. 8, a fourth embodiment 

of the current mirror circuit of the present invention 
is described, in which an alternative initiation 
circuit is employed automatically to (1) detect when a 
current mirror designed for small currents has reached 

2 0 capacity and (2) activate a second current mirror 
designed for larger currents responsive to that 
detection. Current mirror circuit 90 comprises three 
stages of current mirroring, each successive stage 
designed to mirror successively greater currents. 

25 [0066] Stage 1 comprises first current mirror 92 

having PMOS transistors P3 and P4 connected together so 
that their sources are tied to common supply voltage V cc 
and their gates are tied together. Transistors P3 and 
P4 are designed to have the same nominal threshold 

30 voltage and the same width to length (W/L) ratio. 

Stage 2 includes second current mirror 94 designed to 
mirror currents of magnitudes greater than current 
mirror 92 of Stage 1. Current mirror 94 also comprises 
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two PMOS transistors P6 and P7 disposed with their 
sources connected to common supply voltage V C c and their 
gates tied together. Transistors P6 and P7 are 
designed to have the same nominal threshold voltage and 
5 the same width to length ratio. Stage 3 incorporates 
third current mirror 96 designed to mirror currents 
having magnitudes greater than the current magnitudes 
for which Stage 1 and Stage 2 are designed. Current 
mirror 96 of Stage 3 incorporates two PMOS transistors 
10 P9 and P10 disposed with their sources connected to 

common supply voltage V C c and their gates tied together. 
Transistors P9 and P10 are designed to have the same 
nominal threshold voltage and the same width to length 
ratio (W/L) . 

15 [0067] Current mirror circuit 90 measures the 

current density or level in Stage 1 and maintains the 
current level Stage 1 mirrors in a predefined range, 
e.g., 1-10/xA, for which it is designed by activating or 
deactivating additional mirror stages. Current mirror 

20 circuit 70 comprises comparator circuits to generate 

signals to indicate when the current mirrored by Stage 
1 is outside its predefined range. More specifically, 
transistors PI and P2 mirror current flowing through 
transistor P3 since the gates of all the transistors 

25 are tied together and the sources of all the 

transistors are tied to supply voltage V C c- If the 
width to length (W/L) ratios of transistors P1-P3 are 
equal, transistors PI and P2 mirror the current flowing 
through transistor P3 in a 1 : 1 ratio. Current source 

30 98 provides current, e.g., IOjxA, to the drain of 

transistor Nl, which is diode connected. Transistor 
N2, having a nominal threshold voltage equivalent to 
that of transistor Nl, mirrors the current flowing 
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through transistor Nl so that the ratio of currents 
flowing through transistors Nl to N2 is, e.g., 100:9 if 
the predefined current range for which Stage 1 is 
designed is 1-10/xA. If current source 98 provides, 
5 e.g., 10^A, transistor N2 attempts to sink 0.9^A. As 

discussed with respect to FIG. 7, when current flowing 
through transistor PI is less than the magnitude of 
current that transistor N2 is attempting to sink, the 
signal at node 100 interposed between the drains of 

10 transistors PI and N2 is LOW. When current flowing 

through transistors PI is greater than or equal to the 
magnitude of current that transistor N2 is attempting 
to sink, the signal at node 100 is HIGH. 
[0068] Likewise, transistor N3 also forms a current 

15 mirror with transistor Nl . Transistor N3 , having a 
nominal threshold voltage equivalent to that of 
transistor Nl , mirrors the current flowing through 
transistor Nl so that the ratio of currents flowing 
through transistors Nl to N3 is, e.g., 1:1 if the 

2 0 predefined current range for which Stage 1 is designed 
is 1-10/iA. If current source 98 provides, e.g., 10/iA, 
transistor N3 attempts to sink 10/xA. When current 
flowing through transistor P2 is less than the 
magnitude of current that transistor N3 is attempting 

25 to sink, the signal at node 102 interposed between the 
drains of transistors P2 and N3 is LOW. When current 
flowing through transistors P2 is greater than or equal 
to the magnitude of current that transistor N3 is 
attempting to sink, the signal at node 102 is HIGH. 

30 [0069] In operation, input circuit 30 that is coupled 
to input node 104 establishes a voltage at input node 
104 that is less than supply voltage V C c when input 
current Ii N is greater than zero. This sets up a 
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positive V SG voltage across transistor P3 which has its 
gate connected to node 106 and its source connected to 
supply voltage V cc . Thereafter, transistor P3 turns on 
and conducts current therethrough. Current flowing 
5 through transistor P3 is mirrored by transistors PI, P2 
and P4 . Transistor P4 generates an output current that 
is proportional to the current flowing through 
transistor P3 depending on width to length W/L ratios 
of transistors P3 and P4 . Transistors PI and P2 also 

10 mirror the current flowing through transistor P3 in a 
one to one correspondence assuming that the width to 
length ratios of transistors P1-P3 are equal. 
[0070] As input current I IN increases from OA to, 

e.g., 0.9/iA, the signal at node 100 goes HIGH when the 

15 current flowing through transistor P3 is equal to or 

greater than, e.g., 0.9/xA, and is fed to AND gates 106 
and 110. When the current flowing through transistor 
P2 is equal to or greater than, e.g., 10/xA, the signal 
at node 102 also goes HIGH. At this point, AND gate 

20 106, which constantly is enabled by supply voltage V C c# 
outputs a signal HIGH, which is fed to the gates of 
transistors P5 and N4 . The HIGH output of AND gate 106 
also is fed to the gate of transistor Pll after being 
inverted. 

25 [0071] The HIGH output of AND gate 106 biases on 

transistors N4 and Pll and biases off transistor P5, 
turning on Stage 2 for current conduction by connecting 
transistor P6 of Stage 2 in parallel with transistor P3 
of Stage 1. Input current Ii N is redistributed so that 

3 0 the current through transistor P3 drops to, e.g., 1/iA, 
and through transistor P6 increases to, e.g., 9/iA, 
assuming that the width to length ratio (W/L) of 
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transistors P6 and P7 is configured to be 9x that of 
transistor P3 . 

[0072] When the current through transistor P3 drops 
to, e.g., 1mA, the signal at node 102 goes LOW . The 
5 signal HIGH output of AND gate 106 is maintained, 

however, due to the latching effect of OR gate 108, 
which accepts the signal HIGH output of AND gate 106 
and the signal LOW from node 102. 

[0073] The signal HIGH output of AND gate 106 is 

10 passed to AND gate 110 after a delay effected by 
capacitor 112. Once the delayed HIGH signal is 
accepted by AND gate 110, Stage 3 is enabled and can be 
turned on once the current through transistor P3 equals 
or exceeds, e.g., 10mA. More specifically, as input 

15 current I IN increases further to, e.g., 100/iA, 10/iA 

flows through transistor P3 and is mirrored by Stage 1, 
while 90mA flows through transistor P6 and is mirrored 
by Stage 2 . Since mode 102 is configured to go HIGH 
when the current flowing through transistor P3 reaches, 

20 e.g., 10mA, AND gate 110 outputs a signal HIGH that 

connects transistor P9 in parallel with transistors P3 
and P6 . At this point, input current Ii N is 
redistributed so that the current through transistor P3 
decreases to, e.g., 1/xA, transistor P6 decreases to, 

25 e.g., 9/zA, and transistor P9 increases to, e.g., 90/xA, 
assuming that the width to length ratio (W/L) of 
transistors P6 and P7 is configured to be 9x that of 
transistor P3 and the W/L ratio of transistors P9 and 
P10 is configured to be 90x that of transistor P3 . In 

3 0 a preferred embodiment, Stage 1 is designed to conduct 
current magnitudes in the range, e.g., l-lO^iA, Stage 2 
is designed to conduct current magnitudes in the range, 
e.g., 9-90/iA, and Stage 3 is designed to conduct 
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current magnitudes in the range, e.g., 90-900/iA. 
Alternatively, each mirror stage may be designed to 
conduct current in different ranges of magnitudes. 
[0074] When the current through transistor P3 drops 
5 to, e.g., 1mA, the signal at node 102 goes LOW . The 
signal HIGH output of AND gate 110 is maintained, 
however, due to the latching effect of OR gate 114, 
which accepts the signal HIGH output of AND gate 110 
and the signal LOW from node 102. 

10 [0075] As input current Ii N decreases, the signal at 
node 100 goes LOW and turns off Stages 2 and 3 when 
input current Ii N decreases below, e.g., 90/iA, and 
consequently the current through transistor P3 
decreases below, e.g., 0.9/xA. Immediately thereafter, 

15 the signals at nodes 10 0 and 102 go HIGH to turn Stage 
2 back on. When input current I IN decreases below, 
e.g., 9^A, the signal at node 100 goes LOW and turns 
off Stage 2. 

[0076] To sharpen the transition between states, 
20 current mirror circuit 90 may interpose first Schmitt 

trigger 116 between node 100 and AND gates 106,110, and 
second Schmitt trigger 118 between node 102 and OR 
gates 108,114. Although FIG. 8 illustrates Schmitt 
triggers comprising fed-back inverters, Schmitt 
25 triggers 116 and 118 may comprise other configurations. 
[0077] To use current mirror circuit 90 in the 
tracking and sequencing application above, high gain op 
amp 26 and transistor Nl may be coupled to current 
mirror circuit 90 such that high gain op amp 26 and 
30 transistor Nl from FIGS. 3 are interposed between the 
drain of transistor P3 and input node 104. More 
specifically, the drain of transistor Nl from FIGS. 3 
may be connected to the drain of transistor P3 and the 
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source of transistor Nl from FIGS. 3 may be connected 
to node 104 . The output of the op amp is connected to 
the gate of transistor Nl from FIGS. 3 and the 
inverting input of the op amp is connected to node 104 
5 via a feedback network similar to that illustrated 
hereinabove . 

[0078] One of ordinary skill in the art will 
recognize that any of the individual current mirrors 
described herein, e.g., current mirrors 92, 94 or 96 or 

10 the current mirrors formed by transistors PI, P2 or Nl- 
N3 , may be substituted with current mirrors having 
cascode, Wilson or modified Wilson configurations. 
[0079] While current mirror circuit 90 illustrates use 
of a series of latches, the mirror stages also may be 

15 digitally controlled by alternative methods, such as 
driving an increment/decrement counter. 
[0080] Although illustrative embodiments of the 

present invention are described above, one skilled in 
the art will recognize that various changes and 

20 modifications may be made with minor design 

modifications without departing from the invention. 
For example, while the current mirror circuit 
embodiments described herein are configured to source 
current, one of ordinary skill in the art will 

25 recognize that the current mirror circuit of the 
present invention also may be configured to sink 
current. Furthermore, one or more MOSFETs may be 
replaced with other types of transistors, such as 
bipolar junction transistors or insulated gate bipolar 

30 transistors. In addition, all PMOSs may be replaced 
with NMOSs and vice versa. 

[0081] While the above -described embodiments are 

configured such that successive stages of current 
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mirrors are designed to mirror increasing magnitudes of 
current, the successive stages of current mirrors also 
may be designed for the same or decreasing magnitudes 
of current (or combinations thereof) . One of ordinary 
5 skill in the art will recognize that additional current 
mirrors may be added to any of the above -described 
embodiments. All values, e.g., voltages, currents, 
mirror ratios, and width to length ratios (W/L) , 
provided in the above description are for illustrative 

10 purposes only. Different values may be used without 
departing from the scope of the invention. All 
reference voltages may comprise the same threshold 
levels or one or more different levels, and may be 
constant or variable in nature. 

15 [0082] It is intended in the appended claims to 

cover all such changes and modifications that fall 
within the true spirit and scope of the invention. 



